Introduction
Renal fibrosis is the final common pathway leading to end-stage renal disease, regardless of underling etiology. 1, 2 Renal fibrosis is characterized by the excessive accumulation of extracellular matrix components, such as collagen, in interstitial spaces. 3 Inhibition of renal fibrosis is important in improving the prognosis of patients with chronic kidney diseases, but, to date, no method has been developed for the treatment of renal fibrosis. Thus, the development of therapeutic approaches and the identification of target molecules that can inhibit renal fibrosis are required.
Numerous studies have demonstrated that the transforming growth factor beta 1 (TGF-β 1 )-Smad signaling pathway plays a central role in the development of renal fibrosis. [4] [5] [6] TGF-β 1 receptor-activated Smad3 combines with a common Smad, Smad4, and this complex is translocated to the nucleus, where it binds to DNA elements to promote the transcription of various pro-fibrotic genes. [4] [5] [6] Smad4 knockout in the kidney was found to enhance inflammation, as evidenced by leukocyte and macrophage infiltration. 6 Unresolved inflammation characterized by macrophage infiltration has also been reported to promote progressive renal fibrosis. [7] [8] [9] Infiltration by macrophages is invariably observed at sites of renal fibrosis, with the degree of infiltration correlated with the extent of fibrosis. 10, 11 Nuclear factor kappa B (NF-κB) is a major signaling pathway that activates and promotes macrophage infiltration.
Taken together, these findings suggest that blocking the TGF-β 1 -Smad signaling pathway and inflammatory signals, such as NF-κB, may be a potential strategy to inhibit renal fibrosis.
Gene therapy is a promising approach in the treatment of renal fibrosis because it can target specific molecules that are involved in or promote fibrosis. MicroRNAs (miRs) are small noncoding RNAs that inhibit the posttranscriptional processing of target messenger RNAs (mRNAs) by binding to certain specific sequences. 14 Several miRs have been reported to suppress transcription of important mRNAs that regulate the development of renal fibrosis. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, few studies have focused on the effects of exogenous miR delivery on renal fibrosis in an in vivo therapeutic setting. [15] [16] [17] [18] 24 miR146a has been reported to inhibit inflammation by suppressing target mRNAs, such as those encoding tumor necrosis factor receptor-associated factor 6 (TRAF6), interleukin-1 receptor-associated kinase 1 (IRAK1), and Toll-like receptor 4 (TLR4), resulting in the inhibition of NF-κB in several organs. [25] [26] [27] [28] [29] Recently, miR-146a was reported to inhibit the TGF-β 1 -Smad signaling pathway by suppressing Smad4. 30 Increased miR-146a expression has been observed in kidney samples of diabetic nephropathy patients. 31 Based on these findings, we hypothesized that miR-146a might strongly inhibit renal fibrosis by inhibiting the TGF-β 1 -Smad signaling pathway and inflammation in the kidney. To test this hypothesis, we used polyethylenimine (PEI) nanoparticles (NPs) (in vivo-jetPEI ® ), which have been reported effective in delivering oligonucleotides to the kidneys, 32, 33 to deliver synthetic miR-146a to the kidneys in vivo. Using a mouse model of renal fibrosis induced by unilateral ureteral obstruction (UUO), we tested the effects of miR-146 overexpression on renal fibrosis.
Materials and methods ethical considerations
Experimental protocols were approved by the Animal Ethics Committee of Jichi Medical University and were performed in accordance with the guide for use and care of laboratory animals of the Experimental Animal Commitee of the Jichi Medical University.
Mouse model of renal fibrosis
C57BL/6 male mice, aged 8 weeks and weighing 20-25 g, were purchased from CLEA Japan, Inc. (Tokyo, Japan). Mice were housed under antiviral and antibody-free micro-isolator conditions. To induce renal fibrosis, UUO was induced by left ureteral ligation, as described. 34 Ureters were completely obstructed by double ligation with 4-0 silk sutures.
mir-146a
miR-146a and control-miR were purchased from SigmaAldrich Co (St Louis, MO, USA). The sequences of the miR146a were 5′-UGAGAACUGAAUUCCAUGGGUUT-3′ (sense) and 5′-CCCAUGGAAUUCAGUUCUCAUU-3′ (antisense), and the sequences of the control-miR were 5′-UUCUCCGAACGUGUCACGUTT-3′ (sense) and 5′-ACGUGACACGUUCGGAGAATT-3′ (antisense).
Preparation of mir-146a-PeI-NPs
Linear PEI-based NPs (in vivo-jetPE ® ) were purchased from Polyplus-transfection SA (Illkirch-Graffenstaden, France) and dissolved in 5% glucose solution at a concentration of 50 μM. The solutions containing miR and PEI-NPs were mixed and incubated for 15 minutes at room temperature. A total of 200 μL of miR-PEI-NPs (miR: 5 nmol, the ratio of nitrogens (N) in the polymer to phosphate (P) in the nucleic acids =6) were intravenously injected via the tail vein into each mouse according to the manufacturer's protocol. Control-miR-PEI-NPs were prepared using the same method.
Delivery of mir-146a-PeI-NPs to the kidneys miR-146a-PEI-NPs (miR: 5 nmol, N/P ratio =6) dissolved in 200 μL of 5% glucose solution were injected via the tail vein into each mouse three times, on days −1, 1, and 3 relative to UUO treatment (UUO + miR-146a-PEI-NPs). The following groups served as controls: sham-operated mice (sham-operation), UUO mice with no injection (UUO + no injection), and UUO mice injected with control-miR-PEI-NPs (UUO + control-miR-PEI-NPs), using the same protocol. The mice were sacrificed 6 days after UUO, and their kidneys were removed and washed with phosphatebuffered saline (PBS; Thermo Fisher Scientific, Waltham, MA, USA) by reflux flow.
Quantitative real-time reversetranscription polymerase chain reaction Details of quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR) have been described. 35 Briefly, kidney specimens were homogenized using a glass homogenizer and a filter column shredder (QIAshredder column; Qiagen NV, Venlo, The Netherlands). Total RNA from each kidney was isolated using an RNeasy Mini Kit (RNeasy 
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MicroRNA-146a and renal fibrosis RNA reverse transcribed using the Life Technologies SuperScript ® III First-Strand Synthesis System (Thermo Fisher Scientific). Real-time qRT-PCR was performed using Life Technologies SYBR ® GreenER™ qPCR SuperMix (Thermo Fisher Scientific). Primers for mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), alpha-smooth muscle actin (α-SMA), collagen 1A2, collagen 4, fibroblast-specific protein 1 (FSP-1), Smad4, TGF-β 1 , Snail1, Serpine1, F4/80 (also known as Emr1), IRAK1, TRAF6, NF-κB, TLR4, and monocyte chemotactic protein-1 (MCP-1) were purchased from Takara Bio Inc (Otsu, Shiga, Japan). The expression levels of each mRNA were normalized relative to that of GAPDH. To determine the expression levels of miR, homogenized kidney specimens were isolated using a miRNeasy Mini Kit (Qiagen NV), and 1 μg of each isolated RNA was reverse transcribed using the miScript ® II RT Kit (Qiagen NV). Real-time qRT-PCR was performed using a miScript SYBR Green PCR Kit (Qiagen NV). Primers for U6 small nuclear RNA-2 (RNU6-2) and miR-146a were purchased from Qiagen NV. The expression levels of each mRNA were normalized relative to that of RNU6-2. Data are expressed relative to the sham-operation group.
Western blot analysis
Details of Western blot analysis to evaluate α-SMA have been described. 35 Briefly, kidney samples were homogenized and equal amounts of protein samples (30 μg) were electrophoresed on Life Technologies NuPAGE ® sodium dodecyl sulfate-polyacrylamide gels (Thermo Fisher Scientific), and transferred onto Immobilon™-P membranes (Merck Millipore, Billerica, MA, USA). After blocking, the membranes were incubated overnight at 4°C with appropriate dilutions of primary antibodies against α-SMA (Abcam plc, Cambridge, England), and GAPDH (Santa Cruz Biotechnology Inc, Dallas, TX, USA). After washing, the membrane was incubated for 1 hour at room temperature with a secondary antibody (horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin; GE Healthcare UK Ltd, Little Chalfont, UK). Antibody complexes were visualized using the Amersham ECL detection system (GE Healthcare UK Ltd) as directed by the manufacturer. Protein was quantified densitometrically using ImageJ 1.480 software. The expression levels of α-SMA were normalized relative to that of GAPDH. Data are expressed as relative to the sham-operation group.
histological analysis
After perfusion with PBS, the kidneys were removed and fixed in 4% paraformaldehyde overnight at 4°C. They were then embedded in paraffin, sectioned, and subjected to azan staining and sirius red staining to evaluate fibrotic changes. The degree of fibrosis was quantitatively evaluated by examining ten fields per section positively stained for sirius red at 200-fold magnification. Fields for analysis were chosen randomly and the sirius red-stained areas quantified using computerized image analysis software (Image-Pro ® 5.1; Media Cybernetics Inc, Rockville, MD, USA).
Fluorescent microscopy
To investigate the distribution of intravenously injected miR-PEI-NPs into the kidneys, liver, and spleen, Cy3-labeled double-strand oligos (Cy3-miR; Takara Bio Inc) were used to make a complex with PEI-NPs. These Cy3-miR-PEI-NPs were injected via the tail vein of mice with UUO-induced renal fibrosis. The kidneys, liver, and spleen were removed from each mouse 1 hour later. The tissue samples were embedded in Tissue-Tek ® OCT (optimal cutting temperature) Compound and frozen in liquid nitrogen. Cryostat sections (5 μm thick) were mounted onto silane-coated glass slides (Matsunami Glass Ind Ltd, Osaka, Japan). Kidney tissues were incubated for 2 hours at room temperature with fluorescein-labeled Lotus tetragonolobus lectin (a proximal tubule marker) (Vector Laboratories Inc, Burlingame, CA, USA). Fluorescence was monitored by fluorescence microscopy (BH2-RFL-T3 and BX50; Olympus, Tokyo, Japan) and processed with Adobe Photoshop CS3 software (Adobe Systems Incorporated, San Jose, CA, USA).
Immunofluorescent microscopy
Details of immunofluorescent microscopy to evaluate cells positive for Smad4 and α-SMA have been described. 35 Briefly, paraffin-embedded sections of kidneys from mice in each group were de-paraffinized, rehydrated, and autoclaved to retrieve antigens, followed by blocking with 10% normal goat serum. The sections were incubated overnight at 4°C with a polyclonal antibody to Smad4 (Abcam plc). After washing with PBS, the sections were incubated for 2 hours at room temperature with a monoclonal antibody to rabbit immunoglobulin (Ig) G conjugated to Alexa Fluor ® 488 (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA, USA).
To evaluate cells positive for α-SMA in each group, paraffin-embedded kidney sections were incubated overnight at 4°C with a monoclonal antibody to α-SMA conjugated to Cy3 (Sigma-Aldrich Co). The sections were mounted with VECTASHIELD ® Mounting Medium with 4′,6-diamidino-2-phenylindole (Vector Laboratories) to stain the nuclei.
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Fluorescence was monitored by fluorescence microscopy (BH2-RFL-T3 and BX50) and processed with Adobe Photoshop software.
Immunohistochemistry
Immunohistochemical assays were performed using a Histofine ® kit (Nichirei Biosciences Inc, Tokyo, Japan). Paraffin-embedded kidney sections were de-paraffinized, rehydrated, and autoclaved to retrieve antigens. Endogenous peroxidase activity was blocked by incubation in 3% H 2 O 2 in methanol for 10 minutes at room temperature. Sections were incubated overnight at 4°C with a 1:100 dilution of anti-F4/80 monoclonal antibody (Abcam plc) in PBS. After rinsing in PBS, the sections were incubated with horseradish peroxidase-coupled goat antibody. The diaminobenzidine reaction was performed using a liquid diaminobenzidine substrate-chromogen system (Nichirei Biosciences Inc). After the tissues were rinsed in PBS, they were counterstained with hematoxylin and eosin. Immunolabeled sections were examined by light microscopy and processed with Adobe Photoshop software.
statistical analysis
Data are expressed as mean ± standard error. Differences among groups were determined by analysis of variance; if statistically significant, Tukey's test was performed as posthoc analysis to compare means of two different groups. SPSS software (v 21; IBM Corporation, Armonk, NY, USA) was used for statistical analyses. A P-value 0.05 was considered statistically significant.
Results
Distribution of mir with PeI-NPs in the obstructed kidney
Tail vein injection of miR-PEI-NPs showed distribution of miR in the renal tubules of obstructed kidneys (Figure 1, red) . Co-staining with a renal tubular cell marker, fluoresceinlabeled L. tetragonolobus lectin (Figure 1, green) , showed that miR was also distributed in the interstitial fibrous areas of obstructed kidneys, in which renal tubular cells did not have a regular form (Figure 1, arrow) . miR-PEI-NPs were also present in the livers and spleens of these mice ( Figure S1 ). Expression of signal transduction and activator of transcription 1 (STAT1) and 5′-oligoadenylate synthase (OAS) was significantly increased in the obstructed kidneys compared with in those of the sham-operated mice (Figure 2) . However, the administration of miR-PEI-NPs did not further enhance the expression of these in the obstructed kidneys (Figure 2 ).
Overexpression of mir-146a in the obstructed kidneys by mir-146a-PeI-NPs
Administration of miR-146a-PEI-NPs, but not control-miR-PEI-NPs, significantly increased the in vivo expression of miR-146a in the obstructed kidneys (Figure 3 ). 
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The ratios of the weight of the obstructed kidneys to that of the contralateral unobstructed kidneys in each group are shown in Figure 4 . The ratio was significantly lower in the UUO than in the sham-operation group. This difference was inhibited by the administration of miR-146a-PEI-NPs, but not of control-miR-PEI-NPs.
Inhibition of renal fibrosis by mir-146a-PeI-NPs
Positive blue-stained areas, showing collagen fibers with azan staining, were increased in the obstructed kidneys of the UUO + no injection group compared with in the sham-operation group ( Figure 5A ). These fibrotic areas were significantly inhibited by the administration of miR-146a-PEI-NPs, but not by control-miR-PEI-NPs. Fibrotic changes in each group were confirmed by sirius red staining and quantification, with the mean quantified fibrotic areas per field in the sham-operation, UUO + no injection, UUO + miR-146-PEI-NPs, and UUO + control-miR-PEI-NPs groups being 0.71%±0.20%, 7.83%±3.37%, 2.43%±0.89%, and 8.72%±4.86%, respectively ( Figure 5B), again showing that the increase in fibrous changes in obstructed kidneys was significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs ( Figure 5B ).
Effects of miR-146a-PEI-NPs on fibrosis markers and pro-fibrotic signals in obstructed kidneys
qRT-PCR analysis showed that the expression of α-SMA, collagen 1A2, and FSP-1 mRNAs was higher in obstructed 
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Morishita et al than in sham-operated kidneys (Figure 6 ). This increase was significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs. The level of expression of collagen IV mRNA showed similar trends, but these changes were not statistically significant.
Western blot analysis showed that the expression of α-SMA was greater in obstructed than in sham-operated kidneys ( Figure 7A ). This increase was significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs ( Figure 7A ). Immunofluorescence analysis showed that the expression of α-SMA-positive myofibroblasts was higher in obstructed than in sham-operated kidneys, an increase significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs ( Figure 7B ).
Smad4 has been reported to be a target gene of miR146a. 30 qRT-PCR and immunofluorescence analysis showed that the expression of Smad4 mRNA and protein was higher in obstructed than in sham-operated kidneys ( Figure 8A and B). These increases were also significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs. We also investigated changes in expression of TGF-β 1 , Snail1, and Serpine1, which are considered important signaling molecules in the development of renal fibrosis. The expression of TGF-β 1 was higher in obstructed than in sham-operated 
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MicroRNA-146a and renal fibrosis kidneys ( Figure 9 ). This increase was significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs ( Figure 9 ). Expression levels of Snail1 and Serpine1 showed similar trends, but these changes were not statistically significant.
effects of mir-146a-PeI-NPs on F4/80-positive macrophage infiltration and proinflammatory mediators in obstructed kidneys qRT-PCR analysis and immunostaining showed that F4/80 expression and F4/80-positive macrophage infiltration were higher in obstructed than in sham-operated kidneys ( Figure 10A and B). These increases were significantly inhibited by miR146a-PEI-NPs, but not by control-miR-PEI-NPs. We also investigated changes in expression of TRAF6, IRAK1, and TLR4, which have been reported to be targets of miR-146a. [25] [26] [27] [28] [29] Of these, TRAF6 expression was higher in obstructed than in sham-operated kidneys, an increase significantly inhibited by miR-146a-PEI-NPs, but not by control-miR-PEI-NPs (Figure 11 ). The expression levels of IRAK1 and TLR4 were also higher in obstructed than in sham-operated kidneys, but these increases were not significantly inhibited by either miR-146a-PEI-NPs or control-miR-PEI-NPs. We also investigated changes in expression of NF-κB, a major proinflammatory signaling molecule reported to be regulated by TRAF6. 26 The expression of NF-κB was also higher in obstructed than in sham-operated kidneys, an increase significantly inhibited by miR-146a-PEI-NPs but not by control-miR-PEI-NPs (Figure 11 ). The expression of MCP-1, one of the main mediators of inflammation, was higher in obstructed than in sham-operated kidneys, but this increase was not significantly inhibited by either miR-146a-PEI-NPs or control-miR-PEI-NPs (Figure 11 ).
Discussion
The results presented here show the systemic administration of miR-146a-PEI-NPs inhibited renal fibrosis by suppressing pro-fibrotic (Smad4-TGF-β 1 ) and inflammation (TRAF6-NF-κB) signaling pathways, resulting in the inhibition of F4/80-positive macrophage infiltration. These results suggest that miR-146a has a pivotal role in the development of renal fibrosis and may be a therapeutic target in patients with this condition. To our knowledge, this is the first report to show that delivery of exogenous miR-146a with PEI-NPs inhibits renal fibrosis in vivo.
miR is a small noncoding RNA that inhibits posttranscriptional processing of mRNA by binding to target sequences.
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Morishita et al β Figure 9 Effects of microRNA (miR)-146a-polyethylenimine nanoparticles (PEI-NPs) on pro-fibrotic signal in obstructed kidneys. Notes: Quantitative real-time reverse-transcription polymerase chain reaction analysis of expression of transforming growth factor beta 1 (TgF-β 1 ), snail1, and serpine1 in each group (n=6). Values are mean ± standard error (error bars). *P0.05. Abbreviations: mRNA, messenger RNA; NS, not significant; UUO, unilateral ureteral obstruction.
Several miRs have been reported to suppress mRNAs that regulate the development of renal fibrosis. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] To date, however, few studies have assessed the effects of exogenous miR on renal fibrosis in an in vivo therapeutic setting. [15] [16] [17] [18] 24 Tail vein injection of an miR-34c precursor with cationic lipid was found to inhibit renal fibrosis in a mouse model of UUO by suppressing the Notch/Jag1 signaling pathway. 15 In addition, subcutaneous injection of locked nucleic acid-miR-192 inhibitor decreased renal fibrosis by increasing the expression of Zeb1/2 in streptozotocin-induced diabetic mice, as well as inhibiting arterial hypertension and increasing oxidative stress by suppressing the Akt signaling pathway. 24 Overexpression of miR-29 and miR-21 by ultrasound-mediated gene transfer inhibited renal fibrosis in a mouse model of UUO by suppressing the TGF-β 1 -Smad signaling pathway. 17, 18 The results presented in this study show that miR-146a overexpression resulting from the tail vein injection of miR-146a-PEI-NPs inhibited renal fibrosis in UUO mice in vivo.
This study used PEI-NPs to deliver miR-146a. PEI-NPs are polymers that have been reported to effectively deliver oligonucleotides for modulating target gene expression in the kidney, as well as being considered preferable in preparing nonviral vectors because of their long-term safety and biocompatibility. 32, 33, 36, 37 This study found that PEI-NPs were effective in delivering miR-146a to the kidneys, significantly increasing miR-146a expression. In addition, they did not increase the interferon response in obstructed kidneys. These findings suggest that PEI-NPs can significantly deliver synthetic miR to the kidneys while having minimal immunotoxicity. We also found that miR-PEI-NPs were distributed in other organs, such as the liver and spleen, suggesting the need to assess the effects of miR-PEI-NPs on these other organs. In addition, pharmacokinetic analyses of PEI-NPs, such as its rates of excretion and degradation after injection, should be investigated, as should the PEI-NPs binding efficiency to miR and method of releasing miR in vivo.
This study shows that injection of miR-146a suppressed pro-fibrotic (Smad4-TGF-β 1 ) and inflammation signaling (TRAF6-NF-κB) pathways, consistent with previous findings. [25] [26] [27] 30 These activities suggest that miR-146a-PEINPs may inhibit renal fibrosis in patients with kidney disease. miR-146a has also been reported to suppress expression of 
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Morishita et al IRAK1 and TLR4, which are important genes in proinflammatory signaling. 28, 29 We found, however, that miR-146a-PEI-NPs did not significantly suppress the expression of these genes, nor did it suppress the expression of MCP-1, an important mediator of inflammation. 38 These findings suggest that the expression of IRAK1, TLR4, and MCP-1 may be regulated by other miRs.
We also found that miR delivered by PEI-NPs was distributed in renal tubules and interstitial fibrotic areas, in which renal tubular cells did not have a regular form, in obstructed kidneys. Many types of cells have been reported associated with renal fibrosis, including epithelial cells, endothelial cells, bone marrow-derived cells, and pericytes, as the origins of myofibroblasts, as well as resident myofibroblasts. [39] [40] [41] [42] [43] To date, however, the origins of myofibroblasts -the differentiation or proliferation of which was inhibited by miR146a-PEI-NPs -remain undetermined, with experimental technology, such as fate tracing with genetically engineered mice, currently being used to determine this.
39,43
Conclusion
The results of this study show that miR-146a-PEI-NPs inhibited renal fibrosis by suppressing pro-fibrotic (Smad4-TGF-β 1 ) and inflammation (TRAF6-NF-κB) signaling pathways. miR-146a may play a pivotal role in the development of renal fibrosis, and may be a therapeutic target for treating or preventing renal fibrosis.
